In this paper, the modified LCC type of series-parallel Resonant Converter (RC) was designed and state-space modeling analysis was implemented. In this proposed converter, one leg of full bridge diode rectifier is replaced with Synchronous Rectifier (SR) switches. The proposed LCC converter is controlled using frequency modulation in the nominal state. During hold-up time, the SR switches control is changed from in-phase to phase-shifted gate signal to obtain high DC voltage conversion ratio. Furthermore, the closed loop PI and fuzzy provide control on the output side without decreasing the switching frequency. The parameter such as conduction loss on primary and secondary side, switching loss, core and copper also reduced. Simultaneously, the efficiency is increased about 94.79 is realized by this scheme. The proposed converter with an input of 40 V is built to produce an output of 235 V with the help of ZVS boost converter [1] even under line and load disturbances. As a comparison, the closed loop fuzzy controller performance is feasible and less sensitive than PI controller.
Introduction
Today, researches have been made for DC-DC converter to improve the efficiency, power density with reduced switching losses. Due to these increased power semiconductor switching losses, the soft-switching converters has been developed. The objective of the proposed converter is to provide remarkable efficiency with regulated responses even under fluctuations in line and load sides by modified LCC Resonant Converter and different control techniques. There are various types of resonant converters [2] [3] . Among these, series-parallel resonant converter (SPRC) is preferred in this work. Both series and parallel resonant converter combines to eliminate the lack of no-load regulation for Series Resonant Converter (SRC), circulating current independent of load for Parallel Resonant Converter (PRC). Many converter topologies and techniques have been proposed. One of the most attractive topology is LCC series-parallel resonant converter is provided. Therefore, the LCC resonant converter is widely used in many applications such as electronic ballast for fluorescent lamps, filament heating, SMPS, particularly in high output voltage and low output current applications [4] - [6] . The general power supply block diagram is shown in Figure 1 .
Generally, there are two stages in power supply that has a power factor correction (PFC) stage, a front-end DC-DC converter stage [7] [8] . The purpose of PFC stage is to achieve unity power factor and galvanic isolation, shapes the input current to meet the THD requirement. It provides link input voltage V link -nom to the DC-DC conversion stage [9] [10] . This front-end converter stage used to regulate the output voltage precisely. Furthermore, to improve the system efficiency after an ac voltage loss certain period of time will maintain the output voltage, called hold-up time. Though there are various techniques for modeling of converter [11] [12], the state-space mathematical modeling is more beneficial than others. The modeling technique is used to analyze the steady state and transient behavior of the resonant tank circuit. The several sections of proposed converter have been discussed here. First the design of proposed converter is to be implemented followed by State Space Mathematical Modeling Analysis and Design of Resonant Tank is to be concentrated. Next section inspected on several Performance Analysis of LCC Resonant Converter followed by Design procedure of PI and Fuzzy Controllers. Finally sections concluded with simulation results and conclusion of proposed work.
Resonant Converter

LCC Resonant Converter
The LCC resonant converter is now becoming more popular for its easy design and high efficiency, because of zero voltage switching (ZVS) and zero current switching (ZCS) switching conditions. There are many possible combinations of the resonant tank circuit depends upon the inductor and capacitor connections [13] . In this work, LCC resonant tank consist of an inductor (Lr) with series capacitor (Cs) are connected in parallel to the parallel capacitor (Cp). This tank circuit acts as an energy buffer which regulates the energy flow from the input source to output load [14] .
In this paper, an SR method is proposed for a new modified LCC resonant converter. It consists of two power MOSFET semiconductor switches for single phase half bridge inverter on the inverter side which gets input from the ZVS boost converter [15] [16] . The transformer secondary side consists of two SR switches 1ø diode bridge rectifier construction. The LCC Resonant Converter Incorporating Boost Converter circuit diagram is shown in Figure 2. 
Zero Voltage Switching Boost Converter
The ZVS boost converter is similar to DC-DC boost converter which works under ZVS switching condition thus reduces the switching losses. The capacitive turn-on loss is eliminated by zero voltage switching (ZVS) technique. So, ZVS is more beneficial than ZCS. In this proposed system, the ZVS boost converter is boost up the input voltage of 40 V to 150 V which acts as the input to inverter circuit on the primary side of transformer. The output parameters can be controlled by changing the duty cycle. The ratio of output voltage to input voltage is given in Equation (1).
State Space Mathematical Modeling Analysis
In this paper, the state-space mathematical modeling technique is adopted for LCC resonant converter based on different operating modes [17] [18] . Here, the state equation is applied only for three operating modes.
State-Space Analysis
Some of the following assumptions are made while doing the state-space modeling [19] [20] . The assumptions are: a) The elements such as switches, inductors, capacitors and diodes used are ideal.
b) The effect of snubber and losses includes tank circuit, semiconductor switches and filter losses are neglected.
c) The filter capacitor C f should be large enough than the parallel capacitor CP to produce constant output voltage V o .
d) The high frequency transformer is ideal with turns ratio n = 1. e) The input voltage V dc and output voltage V o kept constant without ripples in steady state.
Mode A
In mode A, the M 1 and SR 2 switches are turned on. The tank circuit voltage and resonant current are in-phase. The resonant capacitor Cs boosts inductor current i L . So both i L (t) and V CS (t) are positive. The voltage of CP is equal to the output voltage V o , because C P is connected in parallel to filter capacitor C f . The state-space input and output matrix is given below as Equations (2) and (3).
(
And the output equation is,
With initial condition i L (0) and V cs (0).
Mode B
In this mode of operation, M 2 and SR 1 pairs are turned on. The power delivered to both tank circuit and load. The C p is connected anti parallel to the filter capacitor. The resonant capacitor V Cs (t) and i L (t) are negative. The state-space input and output matrix is given below as Equations (4) and (5).
Mode C
All switches are turned off instead of diode pairs. In this mode, the inductor current and tank circuit voltages are out of phase. So the i L (t) decreases faster. So the energy stored in LCC tank is returned to the source. Here, the resonant current may be positive or negative. The state-space input and output matrix is given below as Equations (6) and (7).
( )
Stability Analysis
The Stability analysis refers to the stable working condition of a control system [21] [22] . For a stable system, the output response is predictable, finite and stable for a given input. Thus, system stability is determined from the state-space matrix. The Bode plot for the LCC type of Resonant Converter is shown in Figure 4 . The equivalent circuit model of LCC resonant converter is shown in Figure 3 . The transfer function of LCC Resonant Converter is written in Equation (8),
Substituting the values of L s , C s and C P , the equation obtained is, 
The state-space input matrix for the equivalent circuit of LCC converter is written as: [ ]
The Nyquist Plot for the closed loop control of LCC Resonant Converter is shown in Figure 4 . The Plot axes are indicated with the poles and zeros of the LCC Resonant converters. From the plot, the roots are lies on the left half of the s-plane and also the root locus doesn't encircle −1 + j0. So we say that the LCC closed loop control system is stable.
Design of Resonant Tank
The values are considered for design the LCC resonant tank is m = C s /C Pratio = 1, Q = 5, y = 1. The Load Resistance 0 0 235 2.35 100 
Performance Analysis of LCC Converter
Loss Analysis
The transformer of high frequency causes loss on both primary and secondary side. The secondary side is calculated by summing the loss of diode rectifier and SR switches. The transformer size will be reduced because of its high frequency. There is various loss parameters such as conduction loss, core loss, copper loss, switching loss can be calculated as following equations.
2 cond on ds
where, I on is the drain current of the power MOSFET switch, R ds is the drain to source resistance of the switch. But, the loss occur at SR switch is very less than diode rectifier. The Switching loss is calculated as follows, ( )
where, C o is the output capacitance of the MOSFET, C P is the Parasitic winding capacitance of the MOSFET switch. f sw is the switching frequency of the Resonant Converter. The total losses are calculated by the sum of conduction loss and switching loss. Figure 5 shows Circuit Simulator employing for loss calculation, where u s is blocking voltage. When switch becomes turned ON, the value of u s is zero. I s is switching current and T J is junction temperature of the switch [23] . From Loss Calculation Box which was implemented in MATLAB shown that P cond = 20.2W and P sw = 10.3W. The loss chart for the LCC Resonant converter is shown in Figure 6 .
W
total cond sw
Voltage Conversion Ratio
The proposed LCC Resonant converter has different voltage conversion ratios depend on its operation. In the nominal state, the LCC converter operates near Resonant Frequency f r to attain optimum efficiency. The Voltage Conversion Ratio and operating frequency also of the LCC Resonant Converter is analyzed and the corresponding graph can be obtained by using the equation given below.
where V 0 is the output Voltage, V in is the input Voltage, Gain K = C P /C S ratio which is equal to 1. The Resonant frequency and Quality factor of LCC Resonant Converter are given as, 
Efficiency
Efficiency calculation is done for different loading conditions. Figure 7 shows the efficiency in percentage for variation in loads. The chart could evident that even at full loading condition, the proposed converter able to sustain at 94.79 % of efficiency. 
Design of PI Controller
The closed loop PI controller is provided on the output side to provide controlled gate signal to switches under different load conditions. Both proportional and integral term is to increase the speed of the response and also to eliminate steady state error. The controller gains K P and K I are tuned by trial and error according to the system error signal. Figure 8 shows the block diagram representation of PI control based LCC resonant converter.
Design of Closed Loop Fuzzy Control
The fuzzy controller is a problem solving control system that operates in a closed-loop system in real time. The limitations of conventional (PI) controller are overcome by fuzzy controller. The fuzzy controller is beneficial because it is very robust, cheap, and simple to design and has the multiple inputs and multiple outputs. Figure 9 shows the block diagram representation of fuzzy control based LCC resonant converter.
Fuzzy logic system is an artificial decision maker based that operates on combinations of Linguistic variable and Boolean logic. Usually fuzzy logic control structure is created from four major elements presented on Figure 10. 
Fuzzification
This first phase of fuzzy logic is to deliver the crisp input variables for given fuzzy with the help of membership functions. The inference mechanism formulating the mapping for given input to output. It is done by using mamdani or sugeno type toolbox. 
Rules and Database
It consist of a database and linguistic control rules are framed by if-then conditional statement with AND/OR logic operation. The fuzzy rules based on the error E, the rate of change of error ∆E and the change in the control signal is the output obtained. Here, 49 rules are used to form rule base table.
Variable Frequency in Phase Disposition Pulse Width Modulation System
Defuzzification phase converts the fuzzy output from the crisp output. The crisp output is the pulse signal generated to the power switches on the SR switches and half bridge inverter. There are many methods of defuzzification that have been proposed. The center of gravity is physically appealing among those methods. It is found by calculating the area bounded by the membership function curve. The general structure of fuzzy controller in block diagram representation is shown in Figure 10 .
In this proposed work, the seven triangular membership functions are used. The fuzzy rule base table is shown in Table 1 based on trial and error method.
Simulation Results
The simulation results shows the responses of closed loop PI and Fuzzy controller of LCC Resonant Converter with set point of 40 V for nominal load of 100 Ω. The Figure 11 and Figure 12 shows respective PI controller responses of output voltage and current under sudden line disturbances (40 V -50 V -40 V) at 0.5sec with nominal load of 100 Ω and Figure 13 and Figure 14 shows respective PI controller responses of output voltage and current under sudden load disturbance (100 Ω -90 Ω -100 Ω) at 0.8sec.The Figure 15 and Figure 16 shows respective Fuzzy controller responses of output voltage and current under sudden line disturbances (40 V -50 V -40 V) at 0.5 sec with nominal load of 100Ω and Figure 17 and Figure 18 shows respective Fuzzy controller responses of output voltage and current under sudden load disturbance (100 Ω -90 Ω -100 Ω) at 0.8 sec. Similarly, the performance evaluation of conventional PI controller is compared with closed loop fuzzy controller under various disturbances are shown in Table 2 . The Table 3 shows parameter specifications of LCC resonant converter. Figure 19 shows the comparison graph of PI and Fuzzy controller for LCC Resonant converter. From 
Conclusion
In this paper, the modified LCC type of Series-Parallel Resonant Converter was proposed. During hold-up time, the SR switches operate with phase-shifted gate signal to obtain high voltage conversion ratio without reduction in switching frequency. Thus, the closed loop control of LCC resonant converter performance was obtained using fuzzy and PI controller. The simulation results show that the fuzzy controller yields better dynamic performance even under sudden load and line disturbances. The stability of the system was also analyzed with the help of Nyquist plot. Furthermore, state-space analysis modeling technique is adapted. Likewise, the reduction of loss will lead to attain 94.79% of efficiency. From the simulation results, it is found that the closed loop fuzzy control system is less susceptible to the disturbances than PI.
